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ABSTRACT: Small-angle neutron scattering (SANS) experiments have indicated that mixtures of linear
(high density) and long chain branched (low density) polyethylenes (HDPE/LDPE) form a one-phase
mixture in the melt. However, the maximum spatial resolution of pinhole SANS cameras is ~10° A, and
it has been suggested that such experiments do not provide unambiguous evidence for a homogeneous
melt. Thus, the SANS data might also be interpreted as arising from a biphasic melt with a very large
particle size (~3 um), because most of the scattering from the different phases would not be resolved. We
have addressed this hypothesis by means of ultra-small-angle neutron scattering (USANS) experiments,
using a newly developed Bonse-Hart USANS facility, which can resolve particle dimensions up to 30 um.
The experiments confirm that HDPE/LDPE blends are homogeneous in the melt on length scales probed
by pinhole SANS and also by USANS. We have also studied blends of linear and short-chain branched
polyethylenes, which phase separate when the branch content is sufficiently high. It is shown that USANS
can directly resolve both the size of the dispersed phase (~4 um) and the forward cross section [d=/dQ2(0)
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~ 108 cm~1], which is 6 orders of magnitude higher than for homogeneous blends.

Introduction

Polyethylene (PE) is produced in many forms, each
of which has different properties resulting from varia-
tions in structure. High-density PE (HDPE) is the most
crystalline form, because the chains contain very little
branching. Typical low-density PEs (LDPE) contain
short-chain branches (1—3 per 100 backbone carbon
atoms) as well as long-chain branches (0.1—0.3 per 100
backbone carbon atoms). Linear low-density PE (LL-
DPE) is produced by copolymerizing ethylene with an
a-olefin such as hexene and can have a wide range of
branch contents, depending on the catalyst and concen-
tration of added comonomer. The properties of the
individual species can be altered by mixing the compo-
nents, and blends of HDPE, LDPE, and LLDPE are
widely used commercially. However, understanding of
the mechanical and melt flow properties of such blends
is handicapped by the absence of a consensus concerning
the melt miscibility of the components. For example,
different views have been expressed in the literature
ranging from liquid—liquid phase segregation?°~7 to
complete homogeneity in the melt>482° for HDPE/LDPE
mixtures. SANS can supply information on melt homo-
geneity of polymer blends via the contrast achieved by
deuteration, and this technique has been used exten-
sively to study the melt compatibility,2*10 solid-state
morphology,!! and thermodynamics2~18 of mixtures of
linear and branched polyolefins, including HD, LD, and
LLDPEs.
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Pinhole SANS data, with a resolution limit ~103 A,
indicate that for HDPE/LDPE blends with molecular
weights ~10° the melt is homogeneous,! after account-
ing for H/D isotope effects.19721 Similarly, mixtures of
HDPE and LLDPE are homogeneous in the melt* when
the branch content is low (i.e., <4 branches/100 back-
bone carbons). However, when the branch content is
high (>8 branches/100 backbone carbons), the blends
phase separate.* It has been asserted? that these
experiments do not provide unambiguous evidence for
a one-phase (homogeneous) melt for HDPE/LDPE blends
and that the data might also be interpreted as arising
from a biphasic melt with a very large particle size.
Previous experimentsl* were performed with a mini-
mum value of the momentum transfer, Q = 4z4~1sin 0
~ 0.004 A1 (where 1 is the wavelength and 26 is the
angle of scatter), so the maximum spatial resolution is
therefore D ~ 27/Qmin ~ 1500 A. Thus, if the domains
had micron-size dimensions, much of the scattering from
the dispersed phase would be exhibited at Q values
<103 AL

We have addressed this hypothesis via a new ultra-
high-resolution (USANS) instrument,® which increases
the spatial resolution to D = 27/Qmin ~ 30 um, and it
will be seen that these experiments demonstrate that
the phase-separated blend has an extremely high [dX/
dQ(Q) ~ 108 cm™!] cross section at Q ~ 1075 A1
Conversely, the USANS signal from the homogeneous
blend of HDPE/LDPE is virtually indistinguishable from
the unlabeled LDPE homopolymer “blank”, which is to
be expected if the blend is homogeneous as concluded
previously from pinhole SANS data.l*

Experimental Section

Materials and Sample Preparation. The polyethylenes
used are identical or very similar to those used in previous
work,>* and their molecular characteristics are given in Table
1, using the same nomenclature for the polymer components

© 1999 American Chemical Society

Published on Web 04/09/1999



3094 Agamalian et al.

Table 1. Molecular Weights, Polydispersities, and Branch
Content of Blend Component

branches/100 backbone

carbons
103My,  Muw/Mp long? short?
Hydrogenated Low-Density PE
LDPE-3H 136 11.0 0.28 1.31
Hydrogenated Polybutadiene
HPB-H35 78 11 10.6°
Hydrogenated High-Density PE
HDPE-1 149 3.6
Deuterated High-Density PE
HDPE-4D 1154 5.4

a Branches containing >8 carbon atoms. ? Branches containing
<8 carbon atoms. ¢ Ethyl branches.

as in previous publications.»* Two blends that have already
been studied by conventional pinhole SANS were remeasured
with sample dimensions suitable for the USANS experiment,
which uses a bigger beam cross-section area (2 x 4 cm?) than
for SANS (~1 cm diameter). A 75/25 blend of protonated LDPE
(LDPE-3H) and deuterated HDPE (HDPE-4D) was prepared
and would be expected to be homogeneous in the melt, based
on previous SANS experiments. As an example of a phase-
separated blend,® a 75/25 mixture of a highly branched
hydrogenated polybutadiene (HPB-H35 with 10.6 mol % of
ethyl branches) and linear PE was also prepared. HPB serves
as a virtually monodisperse model LLDPE. The blends of
branched and linear PEs were made by dissolving the initial
components in 300 mL of o-dichlorobenzene (total weight 1.5
g) and stirring at 178 °C for 20 min. The solution was rapidly
guenched into 3 L of chilled methanol (=50 °C), and after
filtering and washing with methanol the crystals were dried
in a vacuum oven at 60 °C. Rectangular plates with dimensions
2cm x 4 cm x 0.15 cm were obtained via compression molding
in a Carver press at 190 °C and quenched into ice water. As
the phase-separated blend was expected to display a very high
scattering cross section, only a fraction of the linear polymer
was deuterated, and the percentages of each component in this
blend were as follows: 75% of hydrogenated polybutadiene,
HPB-H35; 15% of linear protonated, HDPE-1; and 10% of
linear deuterated PE, HDPE-4D. By contrast, the amount of
deuterated material (25%) was 2.5 times higher in the HDPE/
LDPE blend to enhance the scattering from any morphological
features present.

Neutron Scattering. Pinhole SANS data were collected
on the W.C. Koehler 30m SANS facility?! at the Oak Ridge
National Laboratory via a 64 x 64 cm? area detector with the
cell size ~1 cm? and the sample-to-detector distances of 10 and
19 m. The beam stop size (diameter) was 4 cm, and the
wavelength, 1, was 4.75 A. The data were collected on a cell-
by-cell basis for the efficiency variation of the detector,
instrumental (beam blocked) background, and also the intensi-
ties of the corresponding sample cells with quartz windows,
which formed only a minor perturbation. The net intensities
were converted to an absolute (+3%) differential cross section
per unit sample volume [dZ/dQ(Q) in units of cm™] by
comparison with precalibrated secondary standards?® and
radially averaged to give a Q range of 1.5 x 1073 < Q < 6 x
1072 A-1. Further details of data collection and correction
procedure for incoherent scattering have been given previ-
ously.142425

The USANS measurements were carried out on a Bonse-
Hart double-crystal diffractometer (Figure 1) equipped by
triple-bounce Si(111) channel-cut crystals, which have been
modified by cutting an additional groove for a cadmium
absorber.® This reduces the intensity of the wings of the
rocking curve and improves the signal-to-noise ratio by 3
orders of magnitude, thus allowing the determination of phase
dimensions up to ~30 um, which corresponds to the lowest
achievable value of Qmin~ 2 x 10~ A1, In a USANS experi-
ment (Figure 1) the beam is defined by Bragg reflection [20g

Macromolecules, Vol. 32, No. 9, 1999

ANALYZER

USANS
BEAM

N\

SAMPLE 6-SCAN

MONOCHROMATOR

Figure 1. Schematic layout of USANS experiment: the
analyzer is rotated to perform the 6-scan; scattering for the
sample “spreads” the beam and is recorded as a broadened
rocking curve.
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Figure 2. Raw rocking curves from HDPE/HPB (filled
triangles), HDPE/LDPE (open circles), and LDPE-blank (open
squares) polymer blends and from furnace with empty cell
(filled circles) measured in the region 0 < 26 < 10 arcsec.

= 48.8° for Si(111)] from the triple-bounce channel-cut mono-
chromator crystal and then enters a similar analyzer, which
is scanned through a range of angles to measure the intensity
as a function of Q. When a sample is placed between the
analyzer and monochromator, small-angle scattering “spreads”
the beam and is reflected in the excess intensity observed for
Q > 2 x 107% AL The actual Q value at which the excess
intensity scattered by the sample can be resolved from the
“empty cell” scan with reasonable signal-to-noise ratio depends
on the sample scattering cross section, and thus in our
experiment the practical Q range was 3 x 1075 < Q < 2 x
1073 A1 The data at each angle were normalized via the
neutron beam monitor to correct for drifts in the incident beam
intensity. After subtracting the instrumental backgrounds, the
net intensities were normalized by the sample thickness and
transmission coefficient, which is largely determined by the
incoherent component of total scattering cross section. This
parameter was measured by the monitor detector located
behind the analyzer crystal (see ref 3, Figure 1). With the
analyzer crystal “detuned” by ~100 arcsec from the Bragg
angle, the transmission is given by the ratio of intensities,
measured with and without sample.

In both SANS and USANS experiments, furnaces were used
to keep polymer blends (contained in quartz cells) at a
temperature 160 °C (above the melting point) and measure
the scattering from the sample in the amorphous state.
Because in the USANS measurements the windows of furnaces
and sample cells generate a significant scattering background
in addition to the background from the “empty” instrument,
these components were measured separately and taken into
consideration when data processing.

Results and Discussion

Figure 2 shows the rocking curves for the three
polymer samples at 160 °C measured at the USANS
facility in the angular range 0 < 26 < 10 arcsec together
with the rocking curve from the furnace/empty cell. It
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Figure 3. Combined SANS and USANS data from HDPE/
HPB and HDPE/LDPE polymer blends. USANS experimental
curve 1 from the HDPE/HPB sample is fitted to the Sabine—
Bertram model (solid line) calculated for slit geometry. Curve
2 shows the same data transferred to point geometry by the
Lake technique and overlapped with SANS data (curve 3)
obtained at the 30m pinhole SANS instrument for the same
HDPE/HPB blend. Curve 4 is SANS data collected from HDPE/
LDPE sample fitted to the de Gennes RPA function (dashed
line).

may be seen that the signal from the phase-separated
HDPE/HPB blend (filled triangles) is clearly resolved
and is orders of magnitude higher than the scattering
from the HDPE/LDPE sample (open circles) and un-
labeled LDPE “blank” (open squares). Moreover, the
latter data are virtually superimposed, within the
experimental scatter, on the signal produced by the
windows of furnace and the empty cell (filled circles).
Thus, the scattering cross section of these two samples
is close to the detection limit (~10% cm™1) of current
USANS instrumentation. After correcting for sample
transmission, a small net signal is barely resolved
beyond the experimental scatter for the HDPE/LDPE
sample, but it is virtually the same for the LDPE blank,
so it must arise from micrometer-size heterogeneities
(catalyst residues, dirt, antioxidants, etc.), which are
extrinsic to the blend morphology.?® The scattering from
the phase-separated HDPE/HPB blend is clearly re-
solved by USANS, despite the fact that the level of
deuterium labeling is about 2.5 times lower than in the
HDPE/LDPE blend. Had the latter sample been phase
separated on micrometer-sized length scales, as
asserted?5~7 previously, the cross section would have
been well above the USANS scattering from the empty
cell and have greatly exceeded the signal of the LDPE
homopolymer blank. Similarly, the signal from the
HDPE/HPB sample is much greater than that from the
HDPE/LDPE blend, and if the scattering contrasts were
similar, the concentration of any phase-separated ag-
gregates of micrometer size would have to be orders of
magnitude less than for the HDPE/HPB sample. Such
a “dilute” morphology in the melt was not envisioned
previously,25>~7 and thus these USANS results are
consistent with the conclusions that the HDPE/HPB
sample is phase separated in the melt and that the
HDPE/LDPE blend is homogeneous, as previously in-
dicated by pinhole SANS measurements.’4

The conclusion is further reinforced by combining the
USANS (curve 2) and pinhole SANS (curve 3) data from
HDPE/HPB blend (Figure 3), though before this can be
accomplished, corrections must be applied for instru-
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mental resolution effects, which “smear” the scattering
intensity over finite range of angles, A6. In general, such
effects are much smaller for SANS experiments than
for USANS, because the former are taken with pinhole
collimation, whereas USANS facilities use infinite slit
geometry, where A0, and hence the effect of smearing,
is much larger. As A@ is relatively independent 6, the
angular uncertainty (A6/0) is greater as 6 — 0, so the
effects of smearing are more pronounced at smaller
angles. The main component of the distortion arises
from the large range of angles (A0) in the vertical plane,
and the smearing effects are therefore very similar to
those observed in long-slit Kratky cameras. Desmearing
has been accomplished by a wide range of techniques,
which have been reviewed by Glatter and Kratky,?” and
in this work the desmearing procedure was done by a
simple iterative method due Lake?"28 (see Appendix for
the details). The various procedures are based on
different assumptions, and as a cross check, an inde-
pendent calculation was performed using the GNOM
program developed by Svergun,3° which reproduced the
Lake-desmeared data within an accuracy ~10%. It will
be seen below that the forward cross section [dX/d€2(0)
~ 108 cm~1] of the desmeared data exceeds that of
homogeneous blends by 6 orders of magnitude, and we
therefore believe that this conclusion is independent of
the method of desmearing.

As a plausible representation of the scattering from
the inhomogenieties in the sample, we chose the model
of a system of three-dimensional particles with different
size and shape, recently developed by Sabine and
Bertram,3132 which also accounts the effect of multiple
scattering:

n=1

Q) ~ ;(b”/nm)[l + (U™ (QR)T (1)

where m = 1.58, the parameter b (0 < b < 3) is related
to the average number of scattering events in the
sample, and R is the average “radius” of particles.

One reason for choosing this model was that it was
discovered experimentally that the scattering cross
section from the HDPE/HPB blend depends on the
sample thickness, thus indicating that the data contain
a component of neutrons that have been scattered more
than once (multiple scattering), which is only to be
expected in view of the enormous forward scattering
(d=/dQ(0) ~ 108 cm~1). As the Sabine—Bertram model
accounts for multiple scattering effects and gives an
average domain radius (R = 3.1 um) which is indepen-
dent of the sample thickness (and hence multiple
scattering effects), this indicates the self-consistency of
the data treatment. The further details of multiple
scattering and profile analysis will be given in a
forthcoming publication.3? The fact that the desmeared
data (Figure 3) overlap smoothly with the independently
calibrated pinhole SANS data, with no adjustable scale
factors, forms an important cross check on the validity
of the desmearing procedure.

The intensity of macromolecular scattering measured
from the HDPE/LDPE sample by the 30m SANS facility
is lower than the USANS detection limit (~10% cm™1),
and thus the SANS scattering curve was extrapolated
to the USANS region by fitting to the de Gennes random
phase approximation, which has been widely used to
describe partially deuterated homogeneous blends.124
It may be seen that there is a dramatic difference
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(approximately 6 orders of magnitude) between the
zero-Q cross sections of the HDPE/HPB and HDPE/
LDPE samples.

It is clear from the above results that USANS can
clearly demonstrate phase separation on micrometer-
sized length scales when present (e.g., for HDPE/HPB).
The evidence that no such signal is detected from the
HDPE/LDPE sample, despite the fact that the level of
deuteration (25% instead of 10% for the HDPE/HPB
blend) is higher, clearly shows that micrometer-sized
phase-separated domains are not present in this blend.
The signal from the HDPE/HPB sample is much greater
than from the HDPE/LDPE blend, and if the scattering
contrast factors were similar, the concentration of any
phase-separated aggregates would have to much less
than for the HDPE/HPB sample. Under the most
optimistic assumption that in the HDPE/HPB blend the
volume fraction of the dispersed phase was 50% and the
domain size and concentration of linear and branched
molecules within the phases were similar, then we can
estimate that the maximum concentration of such
phase-segregated aggregates in the HDPE/LDPE blend
would be over 2 orders of magnitude less than for the
HDPE/HPB blend (i.e., approximately 0.2%). Such a
“dilute” morphology in the melt was not envisioned
previously,25~7 and this confirms conclusions derived
from pinhole SANS experiments.t# It is also consistent
with recent Raman imaging studies,®® which do not
show evidence for liquid—liquid phase separation on
HDPE/LDPE melts. While these are distinct differences
in solid-state morphology of such blends when rapidly
guenched from melt,>~7-32 it does not appear that these
arise from biphasic melts.
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Appendix

The scattering curve, 1(Q), defined in eq 1 is the
theoretical intensity for point geometry, whereas the net
experimental USANS scattering curve from the HDPE/
HPB blend (Figure 3, curve 1) is measured in slit
geometry. The fit (solid line) has been done for the net
experimental scattering curve 1(Q)siivexp (Curve 1) using
the known convolution?®

1 Qsiven = J [ Wa(®) Wy(u){ 2/D)[(20 — 1)+
UZ]OIS} point/th du dt (2)

where I{ (27/2)[(20 — t)? + U?]%%} poinuen is in our case the
Sabine—Bertram function I(Q) [eq 1], Wh(t) and W, (u)
are horizontal and vertical collimation functions of the
USANS instrument, respectively, t and u are the
horizontal and vertical angular coordinates, and Wy(t)
and W,(u) obey the normalization condition:
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JW, ) dt= W (u)du=1 (3)

Wh(t) is the rocking curve of the empty USANS instru-
ment, and W,(u) is the distribution of the primary beam
intensity along the vertical axis of the detector plane,
convoluted with the vertical aperture of the detector.?
The USANS data, collected in slit geometry (curve 1),
were transferred to point geometry after fitting to a
theoretical model by using the following relation:282°

I(Q)point = I(Q)slitlexp I(Q)point/th/I(Q)slitlth (4)

where 1(Q)point is the desmeared intensity.
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